We have compared the relative rates of protein evolution and chromosomal evolution in frogs and mammals. The average rate of change in chromosome number has been about 20 times faster in mammals than in frogs. Whereas it takes only 3.5 million years, on the average, for a pair of mammal species to develop a difference in chromosome number, the corresponding period for frogs is 70 million years. In contrast, the rate of protein evolution in mammals has been roughly equal to that in frogs. The rapid rate of gene rearrangement in mammals parallels both their rapid anatomical evolution and their rapid evolutionary loss of the potential for interspecific hybridization. Thus, gene rearrangements may be more important than point mutations as sources for evolutionary changes in anatomy and way of life.
There must be a molecular basis for the differences in anatomy and way of life among organisms. Nonetheless, despite the vast effort devoted in recent years to the study of nucleic acid and protein evolution, serious problems arise when one tries to reconcile organismal evolution with macromolecular evolution (1) (2) (3) . We now present evidence that there may be a close parallel between chromosomal evolution and organismal evolution. Attention is therefore focused on the idea that the phenomenon of gene rearrangement may be at the basis of organismal evolution.
This idea emerges from consideration of the processes of organismal, chromosomal, and molecular evolution in frogs as compared to mammals. As recently pointed out, rates of protein evolution in frogs have been very similar to those in mammals even though organismal evolution has proceeded much more slowly in frogs than in mammals (1-3). The contrast was explained by postulating rapid evolution of mammalian regulatory systems (3), guided by natural selection, while the anuran adaptive zone remained a far more conservative one. This necessarily implies that protein evolution in both groups occurs independently of whether or not other evolutionary changes are taking place. One may then ask if these postulated changes in regulatory systems, occurring so much more rapidly in mammals, are reflected at any level other than that of the organism itself. We suggest that this level is that of chromosome structure. The supportive evidence comes from an estimation of the relative rates of chromosome evolution and protein evolution in frogs and mammals.
MATERIALS AND METHODS
Antisera were made to the purified albumins of 28 frog and 36 mammal species of known chromosome number. Each antiserum was tested for reactivity with serum or plasma from numerous species of known chromosome number by means of the quantitative microcomplement fixation method. Although space does not permit the listing of all 236 of the species examined, an indication of their taxonomic variety is given in Table L . The details of albumin purification, antiserum production, and immunological distance measurement have been given (2) (3) (4) (5) (6) . Immunological distances are approximately equal to the number of amino-acid sequence differences between two albumins (7).
Although we studied primarily albumin, protein evolution proceeds with sufficient regularity (8) to make us confident that species whose albumins differ greatly will also differ substantially at other loci as well. Electrophoretic and DNA hybridization measurements of genetic distance (9-11) correlate well (r = 0.8 and r = 0.9, respectively) with immunological distances among the albumins of the same species (3, 7) . Hence, we are confident that albumin immunological distances are indicative of the overall degree of sequence resemblance among the genomes of the species compared.
RESULTS

Mammals
. We compared the albumins of 318 species pairs representing 8 orders of placental mammals (Table 1) . For each species pair studied we noted whether the two species had identical or different chromosome numbers and determined the immunological distance between their albumins. Species whose albumins differ by more than 6 units usually have different chromosome numbers. This is evident from the solid black histogram (Fig. 1) , which summarizes our results with mammals. Mammalian species whose albumins differ by 6 units have a 50% chance of differing in chromosome number.
Frogs. A radically different result was obtained by studying the albumins of 373 frog species pairs in the same way. As indicated in Fig. 1 , frogs whose albumins differ by 6 units always have the same chromosome number. Indeed, the albumin immunological distance at which there is a 50% chance that two frogs will differ in chromosome number is roughly 120 units.
Fundamental Number. A similar picture emerges from considering the number of chromosomal arms, i.e., the "fundamental number," rather than the number of chromosomes.
The albumin immunological distance at which there is a 50% chance that two species will differ in fundamental number is roughly 4 20 times faster in mammals than in frogs. This inference is drawn from estimation of the albumin immunological distance at which there is a 50% chance that a pair of species will have identical chromosome numbers. The estimates made by inspection of Fig. 1 are 120 units for frogs and 6 units for placental mammals. One should also bear in mind the evidence that. albumin evolution proceeds with considerable regularity (3, 8) and that the average rate of albumin evolution in frogs appears to be equal to that in placental mammals (1, 2, 4 Relationship Between Chromosomal Evolution and Anatomical Evolution. The rapid chromosomal evolution in mammals parallels their rapid anatomical evolution. However, as noted above, there is no indication that protein evolution has been accelerated in mammals.
A contrast between protein evolution and chromosomal evolution is also evident from studies conducted by population geneticists. Although it is rare to find cases of intraspecific variation in chromosome number, it is now well established that populations often exhibit other types of karyotypic variation, for example inversion or translocation of small chromosomal segments (15) . Inversion polymorphisms have been especially well documented in many species of fruit flies (Drosophila). Intraspecific karyotypic variation also occurs in many other insects (16) as well as in many vertebrates (17) . Protein studies have recently been conducted with some of these species. It is remarkable that the geographic pattern of allelic variation at loci coding for proteins usually contrasts with the pattern of chromosomal variation (18, 19) . Island populations, for example, may be chromosomally distinct from mainland populations despite being virtually identical in regard to protein allelic frequencies.
Evolutionary biologists used to think that a genetic revolution accompanies the process of speciation (20, 21) . However, there are now numerous reports that closely related species, though karyotypically distinct, can be extremely alike at the protein level (22) (23) (24) (25) . Such reports make some workers tend to doubt that a genetic revolution accompanies speciation. The evidence given above for frogs and mammals, however, implies that studies at the protein level may not be relevant to the question of whether such a genetic revolution occurs during speciation. If the postulated revolution occurs at the level of Rates of Chromosomal Evolution 3029 gene rearrangement, it would not be detected by current methods of protein comparison.
Gene Rearrangement and Regulatory Evolution. The rapid chromosomal evolution experienced by mammals is paralleled not only by their rapid anatomical evolution but also by their rapid evolutionary loss of the potential for interspecific hybridization. Although the nature of the molecular barriers to development of an interspecific zygote is not known, the phenomenon of allelic repression, which occurs in extreme hybrids (26) , shows that regulatory barriers may be very important. We have therefore suggested that evolutionary loss of the ability of two species to hybridize probably results from the accumulation of incompatibilities between the two systems for regulating the expression of genes during embryonic development (3). Thus, mammals appear to have undergone both rapid regulatory evolution and rapid rearrangement of genes. This correlation may indicate that gene rearrangement provides an important means of achieving new patterns of regulation. Although little is known about the mechanisms for regulating gene expression in vertebrates, molecular biologists are now giving much attention to the organization of genes on chromosomes (27) (28) (29) .
The idea that gene rearrangements may contribute significantly to adaptive evolution is not new, having been discussed at length by Ford (30) , in his development of the "supergene" concept, and recently by Soul6 (31) . It may be useful, then, to regard adaptive evolution as resulting primarily from changes in the expression of genes relative to one another rather than from amino-acid substitutions in the products of those genes. Adaptation is probably a complex process requiring new interactions among many genes. The reshuffling of genes may be an important mechanism by which new interactions can occur.
The hypothesis that gene rearrangement is a key factor in organismal evolution can be tested. The hypothesis predicts that the number of gene rearrangements should be correlated with the degree of morphological evolution exhibited by a lineage over time. Thus, morphologically conservative forms should show relatively less change from an ancestral karyotype as compared to forms that have undergone rapid adaptive change. There is, therefore, a need for high-resolution chromosome studies on species representing lineages with known rates of anatomical evolution.
